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ABSTRACT
Context. WASP-10b, a non-inflated hot Jupiter, was discovered around a K-dwarf in a near circular orbit (∼0.06). Since its discovery
in 2009, different published parameters for this system have led to a discussion about the size, density, and eccentricity of this
exoplanet.
Aims. In order to test the hypothesis of a circular orbit for WASP-10b, we have observed its secondary eclipse in the Ks-band, where
the contribution of planetary light is high enough to be detected from the ground.
Methods. Observations were performed with the OMEGA2000 instrument at the 3.5-meter telescope at Calar Alto (Almería, Spain),
in staring mode during 5.4 continuous hours, with the telescope defocused, monitoring the target during the expected secondary
eclipse. A relative light curve was generated and corrected from systematic effects, using the Principal Component Analysis (PCA)
technique. The final light curve was fitted using a transit model to find the eclipse depth and a possible phase shift.
Results. The best model obtained from the Markov Chain Monte Carlo analysis resulted in an eclipse depth of ∆F of 0.137%+0.013%−0.019%
and a phase offset of ∆φ of −0.0028+0.0005−0.0004. The eclipse phase offset derived from our modeling has systematic errors that were not
taken into account and should not be considered as evidence of an eccentric orbit. The offset in phase obtained leads to a value for
|e cosω| of 0.0044. The derived eccentricity is too small to be of any significance.
1. Introduction
Since its discovery by Christian et al. (2009), the exoplanet
WASP-10b seemed to be an interesting object as a close-orbiting
non-inflated hot Jupiter (with a density of ρp∼1.43 ρJ) orbiting
a K-dwarf with an orbital period of 3.09 days and eccentricity
of ∼0.06. This scenario changed when updated stellar parame-
ters were published revealing a higher density for WASP-10b of
∼3.11 ρJ (Johnson et al. 2009), leading to a discussion about the
real size of this exoplanet. Christian et al. (2009), Dittmann et al.
(2010), and Krejcˇová et al. (2010) have found a radius of 1.22-
1.28 RJ , larger than the one published by Johnson et al. (2009)
(1.08 ± 0.02 RJ).
Maciejewski et al. (2011a) suggested the presence of a third
body in the WASP-10 system, which would perturb the orbital
motion of WASP-10b. Based on observations of eight transits,
these authors have reported Transit Timing Variations (TTVs)
that could be explained by a second planet with a mass of 0.1
MJ and an orbital period of 5.23 days. With high-precision pho-
tometric data, Maciejewski et al. (2011b) detected signatures
of stellar activity, confirming previous evidence of activity in
WASP-10b (Smith et al. 2009). Taking the activity into con-
sideration in their analysis, Maciejewski and collaborators sup-
ported the results of Johnson et al. (2009) by finding a smaller
planetary radius of 1.03 RJ . Spots reduce the effective stellar
disk area and can lead to an overestimation of the transit depth
? Based on observations collected at the Calar Alto Observatory,
Almería, Spain.
and, therefore, the planetary radius, which could help explaining
the different results obtained so far for WASP-10b (Maciejewski
et al. 2011b, Barros et al. 2013, and references therein).
These authors have also questioned the orbital eccentricity of
WASP-10b, and argued that it might have been overestimated be-
cause of stellar variability, favoring a circular orbit (Maciejewski
et al. 2011a,b). Later, Husnoo et al. (2012) did not find conclu-
sive evidence of an eccentricity detection after reanalyzing the
radial velocity measurements by Christian et al. (2009), using a
Markov Chain Monte Carlo (MCMC) analysis. They supported
the idea of a circular orbit, implying that correlated noise, stel-
lar activity, or additional companions in the system could have
caused an incorrect estimation for the eccentricity.
In an attempt to confirm the existence of another compan-
ion for the WASP-10 system, Barros et al. (2013) have gathered
eight extra high-precision transits and analyzed them in combi-
nation with the 22 previouly published transit light curves. For
their analysis, Barros and collaborators have assumed a circular
orbit and they have concluded that the observations are not accu-
rate enough to confirm the presence of another planet. Alterna-
tively, they have suggested that the observed TTVs might have
been induced by stellar activity (for more details, see Barros et
al. 2013).
Another way to confirm or exclude the possibility of a cir-
cular orbit for WASP-10b is by observing its secondary eclipse,
which has not been detected so far for this system. The atmo-
spheric emission properties of this planet are still unknown.
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We present the first result of the Calar Alto Secondary
Eclipse study (The CASE Study): the observation of a secondary
eclipse of WASP-10 and, hence, the detection of its thermal
emission in the Ks-band, where the contribution of planetary
light is high enough to be detected from the ground.
2. Observations and data reduction
We observed WASP-10 (K=9.983) on 2011 August 23, under
photometric conditions, when a secondary eclipse would occur
assuming circular orbit1. We used the Ks-band filter (at 2.14
µm) of the OMEGA2000 instrument, which is a near-infrared
wide field camera, equiped with a 2k x 2k HAWAII-2 detector,
mounted on the 3.5-meter telescope at the Calar Alto Observa-
tory (CAHA) in southern Spain, with a field of view of 15.4 x
15.4 arcmin and a plate scale of 0.45 arcsec pix−1. The telescope
was strongly defocused, resulting in a ring-shaped PSF with a ra-
dius of ∼5 arcsec, with the goal of reducing intrapixel variations
and minimizing the impact of flat-field errors.
The data were gathered in staring mode, observing the target
continuously without any dithering2. Since OMEGA2000 has
no auto-guider, using only the telescope tracking system, every
time the xy-position on the detector drifted 3-4 pixels from the
starting position, we performed a manual guiding correction in
order to keep the target as much as possible at the same position
on the detector. We acquired a series of data where every file has
15 individual images of 4s exposure each in order to increase the
observing efficiency.
The staring mode observations were collected during ap-
proximately 5.4 continuous hours. Before and after this se-
quence, we also obtained focused images composed by five
dither-point images each with the purpose of obtaining sky im-
ages for further subtraction.
The initial data reduction was performed using IRAF3 for the
bad pixel removal, flat-fielding, and sky subtraction. We adopted
a similar procedure for the sky subtraction to the one described
by Croll et al. (2010a, 2010b, 2011), where we constructed a
normalized sky map based on the previouly mentioned focused
images. A single sky map was generated by normalizing the
background of the stacked source-masked images and combin-
ing them by the median. From each image of the staring mode
sequence, this sky map was scaled to the observed median back-
ground and then subtracted.
A circular aperture photometry was performed using the
aper.pro procedure from the IDL Astronomy User’s Library4.
We used a radius of 13 pixels to measure the stellar flux and the
residual sky background was measured from a ring with radii of
20 and 37 pixels for the inner and outer annuli, for the target,
and for all sufficiently bright stars in the field of view. Different
apertures were tested, from 5 to 25 pixels, in steps of 0.5 pix, and
1 The timming of this secondary eclipse was predicted with the help of
the Exoplanet Transit Database, ETD, which is maintained by Variable
Star Section of Czech Astronomical Society - for more information, see
http://var2.astro.cz/ETD/index.php.
2 This technique has been used for the same objective by several au-
thors. See, for instance, Croll et al. (2010a, 2010b, 2011), de Mooij et
al. (2011).
3 IRAF is distributed by the National Optical Astronomy Observatory,
operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Founda-
tion.
4 IDL stands for Interactive Data Language - for further information,
see http://www.ittvis.com/ProductServices/IDL.aspx; aper.pro is dis-
tributed by NASA - see http://idlastro.gsfc.nasa.gov/ for more details.
Table 1. Reference stars used for the relative photometry.
Star No. Identifier (2MASS) K magnitude
1 J23161168+3121302 9.743
2 J23152988+3124545 10.242
3 J23153263+3125204 11.277
4 J23154185+3125453 11.351
5 J23160820+3123526 11.311
6 J23161623+3125394 11.374
7 J23161550+3124310 10.182
8 J23162393+3126136 10.822
9 J23153719+3129053 11.059
10 J23155269+3127250 11.439
11 J23161392+3129131 10.611
12 J23162371+3128547 10.468
13 J23162211+3131385 8.295
we used the one that resulted in the optimal photometry, in order
to obtain the magnitudes of the individual measurements, given
by signal-to-noise ratio estimations. We also tested different sky
annuli sizes; however, the final photometry did not present sig-
nificant variations. Those stars selected as reference stars for
the relative photometry are shown in Table 1. Stars presenting
strong variations or any other odd behavior in their light curves
were neglected.
Since the reference stars have different magnitudes, we ob-
tained the target’s relative flux, F, by
F(t) =
Ftar(t)∑13
i=1 Fre f ,i(t)
, (1)
where Ftar(t) is the target’s measured flux, and Fre f ,i(t) is the
measured flux of reference star i at a given time t. This relative
flux was then normalized by its median value,
f (t) =
F(t)
F˜
, (2)
where F˜ is the median value of target’s relative flux and f (t) is
the target’s normalized flux.
3. Analysis
3.1. Correction of systematic effects
The relative light curve of WASP-10 is shown in Figure 1
(top panel), where the influence of systematic effects masks the
eclipse signal. Before we can search for the secondary eclipse,
we need to identify and remove significant systematic signals
from the light curve. We searched for correlations between the
stellar flux and several parameters, including XY-position of the
centroid of WASP-10 on the detector, aperture correction5, me-
dian background level measured before the sky map subtraction
(see section 2), airmass and temperature and pressure of the de-
tector.
In order to identify the parameters related to the visible
trends in the observed light curve, we made use of a power-
ful statistical technique for dimensional evaluation in data sets
called Principal Component Analysis (PCA). In a Rn array, the
5 Since we used a fixed aperture of 13 pixels for the whole data set, an
aperture correction was estimated by measuring the flux using a new ra-
dius around the target centered from a bondary of 4 sigma above the
residual background. This was considered as a "defocused seeing",
when multiplied by the plate scale.
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Fig. 1. Top panel: Uncorrected relative light curve of WASP-10 in
the Ks-band as a function of phase. Bottom panel: Light curve after
correcting for systematic effects. The solid line shows the best fitting
model.
PCA finds the linear combination (vector) of n axes that best re-
produces the data distribution in question. Following this tech-
nique (see, e.g., Morrison 1976), after constructing the variance-
covariance and the correlation matrices, one obtains eigenvec-
tors and eigenvalues that describe the whole data set, where the
eigenvector with the highest eigenvalue is defined as the prin-
cipal component, PCA1, which is the combination of parame-
ters predominantly correlated. Subsequently, PCA2 has the sec-
ond highest eigenvalue, showing a second pattern present in the
data set in question, and so on. The first eigenvector (PCA1) is,
hence, the vector that represents most of the variance in the data
set, as a first approximation. This method was applied to our
scientific case with the objective of minimizing the variance as
much as possible with the fewest components.
As systematics are supposed to affect every image entirely,
being present in all stars in the field-of-view, trends found in
the light curve of any reference star should also be present in
the light curve of WASP-10. This way, we can ensure that they
are not intrinsic to our object. Therefore, we have calculated
the PCAs of some of the reference stars listed in Table 1, se-
lected by their 2MASS colors, minimizing differential refraction
and other chromatic effects, and with no variability previously
reported. These stars were treated individually, where their nor-
malized fluxes were obtained from Eqs. 1 and 2, where Ftar is
now the measured flux of the reference star in question. These
Fig. 2. RMS of the residuals of the light curve for different bin sizes
(see Section 3.1). The dashed line shows the limit expectation for nor-
mally distributed noise.
analyses have revealed significant correlations of the normalized
flux with the star’s y-position at the detector (yc), aperture cor-
rection (s), airmass (sec z), and background count level ( fbg).
We then calculated the PCAs for WASP-10 considering only
the expected out-of-eclipse (ooe) part of the light curve, assum-
ing a circular orbit, where the stellar flux is assumed to be con-
stant. Similar correlations were found of the normalized flux
with the same four parameters: yc, s, sec z, and fbg. It is worth
noting that only PCA1 was considered since the purpose here
was to identify parameters that have a strong influence on the
data and to eliminate only dominant patterns without compro-
mising the collected signal.
We finally fitted for these systematics simultaneously by per-
forming a multiple linear regression in IDL (regress.pro). This
algorithm generated a polynomial of the form
fooe = c0 + c1yc,ooe + c2sooe + c3 sec zooe + c4 fbg,ooe, (3)
where fooe is the out-of-eclipse flux of the target and ck are con-
stants of the fit. This modeled trend was obtained considering
only the out-of-eclipse portions of the light curve, preventing the
eclipse signal from being removed with the systematics. Then,
the model was applied to the in-eclipse portion and removed
from the light curve.
The final detrended light curve is presented in Figure 1 (bot-
tom panel), where the data presents an improvement on the out-
of-eclipse part of the light curve, going from a root-mean-square,
RMS, per minute-integration of 2.7 × 10−3 to 2.2 × 10−3.
The periodogram of the detrended data was generated to look
for small low-frequency variations in the light curve that could
have remained, although nothing significant was found down to
the binning frequency. Red noise was detected only in timescales
greater than ∼9-10 minutes. We note that no significant period-
icities were found.
In order to increase the precision of the photometry and re-
duce the error bars in the light curve, we have investigated the
noise level (RMS) behavior, considering only the expected out-
of-eclipse part, by binning the curve into different bin sizes from
1 to 700 points per bin. For the last case, the light curve would
only have 3 points, since we have a total of 2249 out-of-eclipse
individual measurements. The residuals behavior is shown in
Figure 2, along with the expected Gaussian noise given by one
over the square root of the bin size. The photometry is still
affected by other systematics, as the RMS of the residuals is
slightly higher than the white noise limit. Considering that there
is a significant contribution of red noise in the binned data, we
have estimated the amount of additional noise that will be con-
sidered in the final uncertainties.
Following the formalism presented by Pont et al. (2006), and
discussed by Carter & Winn (2009) as the “time-averaging”
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Table 2. Parameters of WASP-10b system considered in this work.
Parameter Value
Normalized separation a/R∗ 11.895±0.083 (1)
Planet-star radii ratio Rp/R∗ 0.15758+0.00036−0.00039 (1)
Transit epoch T0 (days) 2454664.038090±0.000048 (1)
Transit duration T1−4 (hours) 2.2363±0.0051 (1)
Orbital period P (days) 3.09272932±0.00000032 (1)
Orbital inclination i (deg) 88.66±0.12 (1)
Semimajor axis a (AU) 0.0375±0.0017 (1)
Stellar radius R∗ (R) 0.678+0.028−0.032 (1)
Planet radius Rp (RJup) 1.039+0.043−0.049 (1)
Stellar Teff (K) 4675±100 (2)
Notes. References: (1) Barros et al. (2013); (2) Christian et al. (2009)
method, we find that the rescale factor, β, is given by
β =
√
1 +
(
σr
σw
)2
, (4)
where σr and σw are the red noise and the white noise, respec-
tively.
As illustrated in Figure 2, the RMS of the residuals decreases
for greater bin sizes. We have binned the light curve consider-
ing the optimal RMS within a bin limit defined as half of the
ingress duration. Thus, we performed our analysis binning the
light curve with 127 points per bin (≈8.47 minutes), correspond-
ing to an interval of ∼0.00190 in phase, reaching a minimum
RMS of 0.65 × 10−3. This RMS can be interpreted as the sum
in quadrature of white noise and the red noise contribution of
0.51 × 10−3 and 0.41 × 10−3, respectively. This way, the rescale
factor from Eq. 4 is of ∼1.28. However, if we estimate σr and
σw using the system of equations dicussed by Winn et al. (2007,
and references therein), which are
σ21 = σ
2
w + σ
2
r , (5)
σ2N =
σ2w
N
+ σ2r , (6)
where σ1 and σN are the standard deviation of the residuals and
the standard deviation of the time-averaged residuals, respec-
tively, then the β value is much smaller, of around ∼1.06.
To avoid underestimating our errors, we consider the rescale
factor calculated previously (∼1.28), which represents an in-
crease of 28% in the uncertainties.
3.2. Modeling the secondary eclipse
The next step was to fit the binned light curve (with 127 points
per bin) to obtain the secondary eclipse depth and detect a pos-
sible phase offset, due to an eccentricity. We used the occul-
tation model from Mandel & Agol (2002), assuming no limb-
darkening. The parameters used were taken from Barros et al.
(2013) and are shown in Table 2. We have performed two fit-
ting procedures: grid models comparison and MCMC analysis.
A third analysis was also performed, considering the unbinned
light curve, unifying the detrend function and the occultation
model in a joint fit, which will be presented later in this section.
The first analysis was performed by comparing the observa-
tions to a grid with more than 1.26 × 107 models, generated in
order to vary the expected phase of mid-eclipse φc, the depth of
Fig. 3. Secondary eclipse of WASP-10b in the Ks-band obtained
in the MCMC analysis. The black circles show the data binned every
∼8.47 minutes (127 points per bin). The solid line represents the best
model obtained from the MCMC analysis, resulting in an eclipse depth
of ∆F = 0.137%, with a baseline level at Fbl = 0.99984. The dotted
lines illustrate the ingress and egress positions of the expected eclipse
for a circular orbit, and the dashed lines show a phase shift of ∆φ =
−0.0028, given by the best model. The residuals are presented in the
lower panel.
the eclipse ∆F, and the out-of-eclipse baseline level Fbl. This
grid considers every configuration possible within a space of pa-
rameters that covers central phases from 0.47 to 0.52 in steps of
0.0001, baseline levels from 0.998 to 1.002 in steps of 0.00005,
and eclipse depths from −0.01% to 0.3% in steps of 0.001%,
where the negative depths test the possibility of detecting a small
increment in the measured flux instead of a decrement, which
would be compatible with a non-detection. The best fit was de-
fined as the model with the lowest χ2, presenting a depth of ∆F
of 0.139%, a baseline level Fbl of 0.99985, and a phase shift ∆φ
of −0.0028. These results were used as inputs in the MCMC
analysis.
For the second analysis, we fit for the same three parame-
ters (∆F, ∆φ and Fbl) using the MCMC method, generating four
chains of 1.1 × 106 each, with different initial conditions. To
ensure that the initial conditions were not contaminating the fi-
nal results, the first 1 × 105 simulations from each chain were
trimmed out of the analysis, remaining a total of 4 × 106 when
combining the results from all chains generated.
Figure 3 presents the best model obtained from the MCMC
analysis, with an eclipse depth ∆F of 0.137%+0.010%−0.015%, a phase off-
set ∆φ of −0.0028+0.0004−0.0003 for a 1σ detection, and a baseline level
at Fbl = 0.99984+0.00006−0.00008. Also shown are the ingress and egress
positions expected for a circular orbit (dotted vertical lines) and
the new ingress and egress given by the best model (dashed ver-
tical lines). In order to have more reliable observational error
bars, we have rescaled them such that the reduced χ2 was equal
to unity by multiplying by factor of
√
(χ2do f ). In Figure 4, the
correlation between the parameters obtained from the MCMC
analysis are illustrated, along with the individual parameter his-
tograms.
Taking into consideration the additional noise contribution
discussed in Section 3.1, we have rescaled these uncertainties
by the rescale factor presented in that section so as to have
more reliable bars. Thus, we have obtained as results: ∆F =
0.137%+0.013%−0.019%, ∆φ = −0.0028+0.0005−0.0004, and Fbl = 0.99984+0.00008−0.00010.
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Fig. 4. Distributions from the MCMC analysis, showing the correlation between parameters and the individual parameter histograms. The dashed
and dotted lines show the error estimation for one and two sigma.
Fig. 5. MCMC analyses for different bin sizes. From top to bottom,
the black circles are the light curves with 1 (unbinned) and 15 points
per bin (0.067 and 1 minute per bin, respectively). The solid lines show
the model obtained for each case, showing the coherence of the results.
We also examined other cases to investigate the behavior of
our results in function of the bin size considered. We applied
the same MCMC analysis, first to the unbinned light curve with
3900 individual measurements, with a higher RMS (5.7× 10−3).
The result provided a depth of 0.134%+0.011%−0.013%, a phase offset of
−0.0018+0.0017−0.0003, and a baseline level at Fbl = 0.99998+0.00006−0.00008 (for
a 1σ detection). Considering a bin of one minute (15 points per
Fig. 6. Secondary eclipse of WASP-10b in the Ks-band obtained in the
joint-MCMC analysis. The small black circles show the unbinned data
points. The solid line represents the best occultation model obtained
from the joint-MCMC analysis, after removing the contribution of the
systematics. The dotted lines illustrate the ingress and egress positions
of the expected eclipse for a circular orbit, and the dashed lines show
the phase shift given by the model. The residuals are presented in the
lower panel.
bin), we obtained ∆F = 0.140%+0.018%−0.020%, ∆φ = −0.0027+0.0006−0.0006,
and Fbl = 0.99993+0.00009−0.00012, with rescaled uncertainties.
In order to integrate the effect of the systematics into the un-
certainties, we performed a joint fit of the unbinned light curve
with the MCMC method as a third analysis (hereafter joint-
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Fig. 7. Testing different orbital configurations for |e cosω| ' 0.0044.
For very specific values of ω, WASP-10b can have a small eccentricity,
the order of ∼ 0.05.
MCMC). This joint-MCMC fits the eclipse and the systematics
simultaneously, as
model = mocc × fsys, (7)
where mocc is the occultation model mentioned earlier in this
section and fsys is similar to Eq. 3, but now calculated for the
whole data set.
In the same way as presented before, the joint-MCMC was
done by running four chains of 1.1× 106 each. The initial condi-
tions were defined as the results from the second analysis for the
unbinned light curve, for the eclipse depth and the phase offset
(0.134% and −0.0018, respectively). The baseline level was kept
fixed (Fbl = 1.0). As initial conditions for the fsys function, we
have considered the contants obtained by the linear regression
(see Sect. 3.1). The first 1 × 105 simulations from each chain
were also excluded from the analysis, as done in the previous
MCMC.
This final analysis has provided the following results for the
eclipse: ∆F = 0.139%+0.011%−0.023% and ∆φ = −0.0019+0.0019−0.0002. Figure 6
shows the best occultation model obtained by this third analysis
for the unbinned light curve, after removing the contribution of
the systematics.
These analyses show that results from different fitting tech-
niques and bin sizes are consistent and compatible with each
other, within the error bars. Therefore, we have considered the
results from the second analysis for binned light curve (with 127
points per bin).
4. Discussion
4.1. A circular orbit for WASP-10b
An observed phase difference between the center of the transit
and the secondary eclipse (δφ = φecl − φtra) may suggest a non-
zero eccentricity. The measured offset of ∆φ = −0.0028 means
that the center of the secondary eclipse occured at phase φecl =
0.4972 instead of at phase φ = 0.5, expected for a circular orbit.
From the results, we were able to estimate the eccentricity of
WASP-10b, using the following relation, in phase (Wallenquist
1950, López-Morales et al. 2010)
e cosω = pi · δφ − 1/2
1 + csc2(i)
, (8)
where e is the eccentricity, ω the argument of periastron, and i
the orbital inclination. Considering i from Barros et al. (2013),
Fig. 8. Model spectrum of thermal emission of WASP-10b with an in-
stant reradiation over the dayside ( f = 2/3), computed without TiO/VO
(solid line). The filled circle shows the measured planet-to-star flux ra-
tio, in the Ks-band (at 2.14 µm). The error bars are inside the filled
circle. The square represents the expected flux within the same band
for the presented model. The Ks-band transmission curve (gray line) is
shown at the bottom of the panel at arbitrary scale.
we obtain that e cosω ' −0.0044. The negative sign indicates
that ω is a value between 90 and 270 degrees. Considering the
ω of 167.13◦, published by Christian et al. (2009) in WASP-
10b’s discovery paper, its orbit would have an eccentricity of
e ' 0.0045. This value is fully consistent with a circular orbit,
although it is in disagreement with their published eccentricity
of e ' 0.059. Finally, if we use the value given by Johnson et
al. (2009) for ω of 153.3◦, we get e ' 0.0049, also in favor of
a null eccentricity and different from their result (e ' 0.051).
These derived eccentricities are too small to be of any signifi-
cance. Considering the phase offset found from our analysis, we
cannot explain the eccentricities found in the literature.
The eclipse phase derived from our modeling should not be
considered as evidence of an eccentric orbit. The phase offset
found is small and there are systematic errors that were not taken
into account in the formal phase uncertainty quoted. The offset is
also slightly dependent on the analysis method, being frequently
smaller than 0.0028.
Our observed phase suggests a circular orbit for WASP-10b,
in agreement with previous results (Maciejewski et al. 2011a,
Husnoo et al. 2012, Barros et al. 2013). Nevertheless, there
are orbital configurations that can lead to the small eccentricities
found in the literature for certain values of ω. Figure 7 illus-
trates the range of possibilities for the pair e and ω, according
to our results for e cosω, showing that in order to obtain an ec-
centricity of approximately 0.04 to 0.06 (Christian et al. 2009,
Johnson et al. 2009, Husnoo et al. 2012), the argument of pe-
riastron should respect the intervals of 94.23◦ ≤ ω ≤ 96.35◦ or
263.65◦ ≤ ω ≤ 265.77◦. The values for ω published so far are
placed outside the mentioned intervals and, thus we believe that
the null eccentricity (e = 0) represents an optimal solution.
4.2. Thermal emission of WASP-10b
The MCMC analysis resulted in a planet-to-star flux ratio of
0.137%, as presented in section 3.2. From that eclipse depth,
assuming both components of the system, planet and star, emit
as black-bodies, and considering the stellar parameters shown
in Table 2, we derived a Ks-band brightness temperature for
WASP-10b of TKs ' 1647+97−131 K (2σ). The maximum expected
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equilibrium temperature6 for the planet, assuming zero Bond
albedo and instant reradiation (AB = 0 and f = 2/3, respec-
tively; see López-Morales & Seager 2007) is Teq ' 1224 K.
This temperature is about 25% cooler than the observed TKs.
We compared the measured planet-to-star flux ratio with sev-
eral atmospheric spectral models by Fortney et al. (2006, 2008),
generated with different reradiation factors, computed without
TiO/VO. However, none of the models used in this comparison
was able to reproduce the observed high emission of WASP-10b.
Figure 8 shows, as an example, a model spectrum from Fortney
and collaborators considering an instant reradiation over the day-
side ( f = 2/3), computed without TiO/VO.
We have considered possible explanations for finding a
higher temperature than the expected. The first one could be
an overestimation of the eclipse depth. A recent study by Rogers
et al. (2013) has found that some of the light curve systemat-
ics found in ground-based data cannot always be successfully
removed by de-correlation techniques and can introduce signifi-
cant biases in the derived eclipse depth. These biases generally
appear to be on the order of ±10%. However, for the case of
WASP-10b, even if the depth derived in Section 3.2 was overes-
timated by as much as 20%, the planet’s observed temperature
would only decrease by about 100 K.
As mentioned before, several works have presented signa-
tures of activity in WASP-10 (Smith et al. 2009, Maciejewski et
al. 2011b, Barros et al. 2013). Hence, another explanation could
be related to stellar activity. The intrinsic activity of the parent
star could be affecting the planet’s equilibrium temperature. It
has been observed that activity can significantly affect the size
of low-mass stars (e.g., López-Morales 2007), resulting in a 10-
15% larger radius than the one predicted by models. However,
even a 15% increase in stellar radius would only increase the
temperature of the planet by about 100 K in this case. In addi-
tion, the activity-induced increase in radius is usually accompa-
nied by a drop in the effective temperature of the star (Morales
et al. 2010), so both effects compensate and the temperature of
the planet will not vary significantly.
Nevertheless, since this is a young K-dwarf system with an
age of 270 ± 80 Myr (Maciejewski et al. 2011a), strong flaring
events are expected to occur more frequently and could affect
the upper atmosphere of its planetary companion. As presented
by Khodachenko et al. (2007), Coronal Mass Ejections (CMEs)
may radically affect planetary environments due to their high
speed, intrinsic magnetic fields, and increased plasma densi-
ties. The interaction of CMEs with upper planetary atmospheres
can modify the thermospheric density and temperature structure,
which can lead to atmospheric escape.
Lammer et al. (2006) suggested that Hot Jupiters with in-
trinsic magnetic moments of less than 10% of Jupiter’s mag-
netic moment cannot balance a dense CME plasma flow and can
be strongly eroded by ion pick up and other non-thermal loss
processes. Several studies have investigated such effects (Kho-
dachenko et al. 2007, Lammer et al. 2007), concluding that con-
stant UV flares and X-ray radiations are capable of heating and
enhancing atmospheric escape, or even of destroying the exo-
planet’s atmosphere. An example of an exoplanet observed with
an evaporating atmosphere is HD 189733b: a very hot Jupiter
with semimajor axis of 0.0313 AU and orbital period of 2.219
6 According to López-Morales & Seager (2007), the equilibrium tem-
perature of an exoplanet is given by Teq = Ts(Rs/a)1/2[ f (1 − AB)]1/4,
where Ts and Rs are the stellar effective temperature and radius, a is the
orbital semimajor axis, f is the reradiation factor, and AB is the planet’s
Bond albedo.
days, orbiting an active K-dwarf (Bouchy et al. 2005). This
system is very similar to the WASP-10b system (a = 0.0375
AU, P ' 3.093 days), but a little older than WASP-10 (0.6 Gyr,
Melo et al. 2006), and could help us to understand the present
scenario. Recently, some models showed that most of the EUV
and X-ray energy coming from an active central star makes the
atmosphere escape the planetary gravitational potential (Sanz-
Forcada et al. 2011, Owen & Jackson 2012, Bourrier et al.
2013). Lecavelier Des Etangs et al. (2009, 2011) have found
a low radio emission from HD 189733b, implying a weak plane-
tary magnetic field, which could help to explain the evaporating
atmosphere. Nevertheless, this is still a controversial subject and
a deep study in the field would be necessary to check this hy-
pothesis.
There is also the possibility of the planet actually being
brighter than the expected equilibrium temperature. Several au-
thors have published similar results, for instance, Rogers et al.
(2009) on CoRoT-1b and Cáceres et al. (2011) on WASP-4b,
among others. The most recent one is the work from Wang et al.
(2013) on WASP-43b, where they presented a Ks-band bright-
ness temperature that was ∼ 300 K higher than predicted. How-
ever, they have found a good agreement with other predictions
from planetary atmospheric models.
5. Conclusions
In this work we investigated the hypothesis of a circular orbit for
WASP-10b, by observing a secondary eclipse in the Ks-band.
The data was acquired using the OMEGA2000 instrument at the
3.5-meter telescope at Calar Alto (Almería, Spain), in staring
mode, with the telescope defocused. We made use of the Princi-
pal Component Analysis technique to identify systematic effects
related to some visible trends in the photometry.
The final detrended light curve was fitted using a transit
model from Mandel & Agol (2002). Different analyses were
performed, considering a grid of models and a MCMC anal-
ysis of several data binnings, which led to consistent results.
The best model obtained from the MCMC analysis revealed
an eclipse depth (∆F) of 0.137%+0.013%−0.019%, a phase offset (∆φ) of
−0.0028+0.0005−0.0004 for a 1σ detection, with the baseline level (Fbl)
at 0.99984+0.00008−0.00010. The obtained phase offset leads to a value for|e cosω| of 0.0044, which is ten times smaller than expected, and
is fully consistent with a circular orbit.
Assuming the planet emits as a blackbody, from the mea-
sured planet-to-star flux ratio we derived the Ks-band brightness
temperature for WASP-10b of TKs ' 1647+97−131 K, exceeding the
maximum expected equilibrium temperature for the planet of
Teq ' 1224 K, considering zero Bond albedo and instant rera-
diation (AB = 0 and f = 2/3, respectively). Several scenarios
were considered in order to understand the high dayside thermal
emission detected for WASP-10b. None of them, however, were
conclusive.
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